The fungal pathogen Cryptococcus neoformans causes approximately one million cases of cryptococcosis per year in people with AIDS. In contrast, the related species C. gattii is responsible for a much smaller number of cases, but these often occur in immunocompetent people. In fact, C. gattii has emerged in the last decade as the frequent cause of cryptococcosis in otherwise healthy people in British Columbia. We analyzed the immune responses elicited by three C. gattii strains and one C. neoformans strain in mice as a first step toward understanding why C. gattii is able to cause disease in immunocompetent hosts. The C. gattii strains all induced a less protective inflammatory response in C57BL/6 mice by inhibiting or failing to provoke the migration of neutrophils to sites of infection. The C. gattii strains also failed to elicit the production of protective cytokines, such as tumor necrosis factor alpha, compared to the ability of the C. neoformans strain. Despite these differences, the strain representing the major outbreak genotype from British Columbia showed a virulence equivalent to that of the C. neoformans strain, while two other C. gattii strains had reduced virulence. Taken together, our results indicate that C. gattii strains thrive in immunocompetent hosts by evading or suppressing the protective immune responses that normally limit the progression of disease caused by C. neoformans.
Cryptococcus neoformans is an opportunistic fungal pathogen that can cross the blood-brain barrier to cause a lifethreatening disease of the central nervous system (5) . In the environment, the fungus is found in trees, soil, and avian excreta, where it exists as spores or desiccated yeast cells (9, 16, 26, 50) . Infection is initiated primarily by the inhalation of these cells, and the fungus can spread from the lungs to cause systemic cryptococcosis and meningoencephalitis. C. neoformans var. grubii (serotype A) typically infects people with compromised immune systems, and this serotype causes the majority of cryptococcosis cases in AIDS patients (33) . In contrast, a related species, C. gattii (serotype B), does not have the same impact on AIDS patients and tends to infect people regardless of their immune status (27, 43) . C. gattii infections originally were found primarily in tropical and subtropical regions of the world, such as South America and Australia (34) . However, since 1999, an outbreak of C. gattii infections has been occurring in the temperate climate of Vancouver Island in British Columbia. This outbreak has resulted in at least 200 human cases and eight deaths (3, 21) . More recently, cases of cryptococcosis caused by C. gattii have occurred on the mainland in British Columbia as well as in Washington and Oregon in the United States. (8, 45) .
The mechanisms of the immune response to cryptococcal species have been best established for infections caused by C. neoformans (using strains of both the A and D serotypes). Normally, most of the fungal spores or yeast cells that are inhaled do not even reach the lungs and are cleared due to air turbulence and ciliary action (42) . The small numbers of Cryptococcus spores or yeast cells that do reach the lung parenchyma are cleared by a protective inflammatory immune response involving the production of cytokines such as tumor necrosis factor alpha (TNF-␣) and gamma interferon (IFN-␥), and a leukocyte infiltrate consisting of neutrophils, Th1-associated classically activated macrophages, Th1-lymphocytes, and dendritic cells (DCs) (12, 24, 31, 32) . In contrast, a nonprotective response involves the production of high levels of the Th2 cytokine interleukin-4 (IL-4) as well as a diffuse pulmonary infiltrate consisting of immature DCs and alternatively activated macrophages (12, 24, 31, 32, 47) . Protective inflammation involving neutrophil recruitment is crucial for the induction of adaptive Th1 immune responses against cryptococcal infections and for an effective response to other respiratory pathogens (1, 10, 15) . Furthermore, the timing of the cellular infiltration is important, and early neutrophilia is associated with protective immune responses against C. neoformans (24) . Additionally, mice deficient in myeloperoxidase, an enzyme preferentially expressed in neutrophils, produce weak Th1 immune responses and have a significantly reduced survival time upon C. neoformans infection compared to that of wild-type mice (1) .
Although only a few studies have examined the immune response during C. gattii infection, there is some evidence that C. gattii induces less protective immune responses than C. neoformans. For example, Dong and Murphy showed that culture filtrate antigens from C. gattii strains inhibit neutrophil migration in vitro and in vivo, whereas culture filtrate antigens from C. neoformans stimulate neutrophil migration (17) . They proposed that C. gattii strains are able to cause disease in immunocompetent people because they inhibit neutrophil migration into the lungs during the initial stage of infection. A more recent study found that even though a strain of C. gattii inhibited neutrophil migration in vitro, neutrophil infiltration into the lungs of infected rats was similar between C. neoformans and C. gattii infections (52) . Thus, it was suggested that C. gattii infections are not cleared efficiently by immunocompetent hosts because they do not induce protective inflammation during infection, and as a result they are not able to elicit the adaptive Th1-type immune responses that are elicited with infection with C. neoformans (52) . However, this idea has not been explored beyond the study of differential C. neoformans and C. gattii effects on neutrophil function.
In light of these studies, we examined the cytokine profiles and pulmonary infiltrates in the lungs of infected mice to determine whether there were differences in the immune responses for a commonly studied C. neoformans isolate (serotype A) and selected C. gattii strains representing the genotypes causing the current outbreak in British Columbia. Our study revealed lower levels of neutrophil infiltration and reduced inflammatory cytokine production in the lungs of mice infected with C. gattii compared to those of mice infected with C. neoformans. This analysis is an important first step toward understanding the ability of C. gattii strains to cause disease in immunocompetent hosts.
MATERIALS AND METHODS
Mice. Female C57BL/6 mice were obtained from Charles River Laboratories (Montreal, Quebec, Canada) and were infected at 12 to 14 weeks of age. Female A/JCr mice were obtained from the NIH animal program (Frederick, MD) and infected at 7 to 8 weeks of age. Mice were housed under specific-pathogen-free conditions using sterilized cages with a microisolator cage top. Clean food and water were given ad libitum. The mice were maintained by the Wesbrook Animal Unit at the University of British Columbia in accordance with the methods and regulations approved by the University of British Columbia's Animal Care Committee.
Strains. The C. neoformans H99 strain and the C. gattii strains R265, R272, and WM276 were used in this study. H99 and WM276 were obtained from Joseph Heitman (Duke University Medical Center). R265 and R272 both were isolated in 2001 from the bronchial washings of infected patients from the Vancouver Island outbreak (29) . WM276 is an environmental isolate from Australia. The lac1 lac2 double mutant and the ure1 mutant both were derived from the H99 strain and obtained from the American Type Culture Collection (Manassas, VA).
Murine infection. Cryptococcus strains were grown for 24 h in Sabouraud dextrose broth (SDB), washed three times with phosphate-buffered saline (PBS), counted in a hemocytometer, and resuspended in PBS at a concentration of 1.0 ϫ 10 6 yeast cells/ml. The intranasal inoculation method has been described elsewhere (25, 28) . In brief, mice were anesthetized with 82.25 mg/kg of body weight ketamine and 5.5 mg/kg xylazine by intraperitoneal injection. Anesthetized mice then were suspended by their incisors on a thread to fully extend their necks, and 50 l of the yeast suspension (5 ϫ 10 4 cells) was slowly pipetted into the nares of each mouse. The mice were suspended for an additional 10 min and then placed on a heated blanket for recovery. For the virulence assay, mice were euthanized using CO 2 inhalation if they showed signs of illness or had weight loss of greater than 20%. For all other assays, mice were euthanized on the indicated days by CO 2 inhalation.
Lung leukocyte isolation. The procedure for leukocyte isolation has been described elsewhere (36) . Briefly, whole lungs were excised, minced, and enzymatically digested in 10 ml of digestion buffer (RPMI medium, 5% fetal bovine serum [FBS] , 100 U/ml penicillin, 100 g/ml streptomycin, 1 mg/ml collagenase IV, 30 g/ml DNase). Cell suspensions were homogenized further by drawing them through the bore of an 18-guage needle attached to a 3-ml syringe. The total cell suspensions then were pelleted and washed with PBS before resuspension in 3 ml of red blood cell lysis buffer (0.9% NH 4 Cl in H 2 O) for 5 min.
Subsequently, 10 ml of complete medium (RPMI medium, 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and antibiotics) was added to the suspension to return the solution to isotonicity. The cell suspension then was strained through a 70-m filter before being pelleted and resuspended in complete medium. Total lung leukocytes were enumerated in the presence of trypan blue using a hemocytometer.
Neutrophil counts. Leukocyte suspensions were normalized for cell concentration, cytospun onto glass slides, and stained using the Hemacolour stain set (Harelco, EMD Chemicals, Gibbstown, NJ). A total of 200 neutrophils from randomly chosen micrographs were visually counted, and frequencies were expressed as percentages of the total number of leukocytes present in the sample.
Cytokine assays. Lung tissue was excised, weighed, and homogenized in 5 ml of PBS using a mixer mill (MM200; Retsch, Haan, Germany). The tissue homogenates then were clarified by centrifugation, and aliquots of the supernatant were stored at Ϫ80°C. The cytokine analysis of the undiluted supernatant was performed on a BD FACSCalibur flow cytometer using the BD cytometric bead array (CBA) mouse inflammation kit (Becton Dickinson, San Jose, CA) according to the manufacturer's instructions. The data were analyzed using BD CellQuest, BD CBA software (Becton Dickinson, San Jose, CA), and FlowJo software (Tree Star Inc., San Carlos, CA).
Flow-cytometric analysis. For flow cytometry, 1.0 ϫ 10 6 cells from the lung leukocyte suspension were stained in 30 l of buffer (Hanks balanced salt solution [HBSS], 20 mM HEPES, 0.2% sodium azide, 2% FBS) and mixed with the following antibodies: fluorescein isothiocyanate (FITC)-labeled anti-Gr.1, peridinin chlorophyll protein-labeled anti-CD11b, and allophycocyanin (APC)-labeled anti-CD11c. Staining was performed on ice for 20 min, and then cells were washed with the buffer, pelleted, resuspended in 0.5% paraformaldehyde in PBS, and analyzed on a BD FACSCalibur flow cytometer. A total of 100,000 events were collected per sample. Initial gates were set based on light scatter characteristics to exclude debris, red blood cells, and clusters of cells (see Fig.  S1A in the supplemental material). Neutrophils were gated based on side scatter as well as the expression of Gr.1 and CD11b. Pulmonary macrophages are highly autofluorescent, express very low levels of F4/80 and high levels of CD11c, and have various levels of expression of CD11b depending on their activation status (23, 48) . DCs express high levels of CD11b and CD11c and can be differentiated from macrophages by their low autofluorescence (23, 48) . Therefore, to differentiate between macrophages and DCs, all cells that were CD11c ϩ with various levels of expression of CD11b were gated from the total leukocyte population (see Fig. S1B in the supplemental material). These CD11c ϩ cells then were used to draw a histogram showing the autofluorescent populations so that the threshold between autofluorescence-negative and autofluorescence-positive cells could be determined (see Fig. S1C in the supplemental material). This threshold was used to draw a gate to differentiate between the population of CD11c ϩ cells that were macrophages and DCs (see Fig. S1D in the supplemental material). All fluorescence-activated cell sorting (FACS) data were analyzed using BD Cellquest Pro software (Becton Dickinson, San Jose, CA). The anti-Gr.1 antibody was purchased from Caltag (Cedarlane Laboratories, Burlington, Ontario, Canada) and all other antibodies were purchased from Biolegend (Biolegend Inc., San Diego, CA).
MPO measurement. The method for the measurement of myeloperoxidase (MPO) has been described elsewhere (49) . Briefly, lung tissue was excised, weighed, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Frozen tissue then was homogenized in hexadecyltrimethylammonium bromide (HTAB) buffer (10 ml 50 mM KH 2 PO 4 , pH 6.0, 5 mM EDTA, 0.5% HTAB) at 1 ml per 50-mg tissue sample using a mixer mill (MM200; Retsch, Haan, Germany). The tissue homogenates then were clarified by centrifugation, and 50 l of the supernatant was mixed with 1.45 ml of freshly prepared assay buffer (100 mM KH 2 PO 4 , pH 6.0, 0.005% H 2 O 2 , 0.005 g O-dianisideine dihydroschloride). The change in absorbance at 450 nm was measured every minute for 4 min in a spectrophotometer. The results are expressed in units of MPO per gram of tissue (wet weight), where 1 U of MPO activity is defined as that degrading 1 mol peroxide per min at 25°C (49) .
Phenotypic assays. To examine the production of the main cryptococcal virulence factors, fungal cells were grown in SDB medium for 24 h at 30°C in a shaker, washed twice with PBS, and adjusted to a concentration of 2.0 ϫ 10 8 cells/ml. The cell suspensions then were diluted 10-fold serially, and 5 l of each dilution was spotted onto Sabouraud dextrose agar plates, L-DOPA plates (0.5 mM 3,4-hydroxyl-L-phenylalanine [L-DOPA], 1 mM MgSO 4 ⅐ 7H 2 O, 22 mM KH 2 PO 4 , 3 M thiamine-HCl, 0.1% glucose, 0.1% L-asparagine, pH 5.6), or urease plates (333 mM urea, 86 mM NaCl, 15 mM KH 2 PO 4 , 0.1% peptone, 0.1% glucose, 0.0012% phenol red) to assess growth at 37°C, melanin production, and urease production, respectively. All incubations were performed at 30°C unless otherwise specified. To examine capsule formation, strains were grown in low-
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iron medium for 48 h at 30°C in a shaker, washed with low-iron water, stained with India ink, and examined by differential interference microscopy. Histopathology. Both A/JCr and C57BL/6 mice were used for histology experiments. At 7 days postinfection, lungs were fixed in 10% neutral buffered formalin. The tissue then was embedded in paraffin and cut into 5-m-thick sections, stained with hematoxylin and eosin (H&E) or Mayer's mucicarmine (MM) to visualize the cryptococcal capsule, and then fixed on slides. Slides were examined by light microscopy. Capsule sizes were measured for at least 275 fungal cells from randomly chosen micrographs for each sample.
Statistics. For the virulence assays, the time to mortality was evaluated for statistical significance with Kaplan-Meier survival curves, and P values were obtained from a log-rank test. An unpaired two-tailed t test was used to analyze capsule size data. For all other assays, statistical significance was calculated using one-way analysis of variance and using the Student-Newman-Keuls postanalysis to obtain P values. All statistical analyses were done using Graphpad Prism 4.0 software (GraphPad Software, Inc.). All values are reported as means Ϯ standard errors of the means (SEM).
RESULTS
Phenotypic comparison of C. neoformans and C. gattii strains for virulence factor expression. C. neoformans and C. gattii are known to share the major virulence factors needed to cause disease in mammalian hosts, and these include capsule and melanin formation and growth at 37°C. To set the stage for comparative studies of the host response, we compared the virulence-associated phenotypes of three strains of C. gattii to those of the commonly studied C. neoformans strain H99. Two of the C. gattii strains, R265 and R272, represent the most common molecular subtypes (VGIIa and VGIIb, respectively) from the outbreak in British Columbia. The third C. gattii strain, WM276, was included as a representative of the other subtype (VGI) that is associated with the outbreak. However, this specific strain is an environmental isolate from Australia, and it was selected as the VGI representative because, like R265, its genome has been sequenced. Our analysis of the virulence factors revealed that the clinical C. gattii strains R265 and R272, as well as the clinical C. neoformans strain H99, grew well at 37°C and were similarly able to produce melanin and the polysaccharide capsule (Fig. 1) . In contrast, the C. gattii strain WM276 grew more slowly at 37°C and exhibited a delay in melanin production. We also noted that all four strains were similar in their production of another virulence trait, the enzyme urease (data not shown). Taken together, these results indicate that all four strains possess the major virulence factors, but WM276 appears to be less robust with regard to growth at 37°C and melanin production.
C. gattii isolates vary in their virulence in a mouse model of cryptococcosis. We next tested the virulence of our selected isolates of C. neoformans and C. gattii by infecting two different strains of mice using the intranasal inhalation method and assessing survival during a 60-day period. We employed C57BL/6 mice in this analysis, because this inbred strain is used commonly in studies of the immune response to C. neoformans. In parallel, we also used A/JCr mice, because this strain commonly is used to examine the virulence of C. neoformans and C. gattii isolates (14, 19, 51) . Our virulence assays revealed that the C. neoformans strain H99 and the C. gattii strain R265 both were significantly more virulent than the C. gattii strains R272 and WM276 (P Ͻ 0.001) in both C57BL/6 and A/JCr mice (Fig.  2) . Furthermore, there was no significant difference in the virulence of H99 compared to that of R265, nor was there a difference in the virulence of R272 compared to that of WM276 in either mouse strain. In addition to revealing the equivalent virulence of H99 and R265, these results indicate that the differences in growth at 37°C and melanin production between WM276 and R272 were not reflected in their virulence. Furthermore, given that the two clinical isolates from the Vancouver Island outbreak (R265 and R272) have similar genotypes (19, 29) and phenotypes ( Fig. 1) , these results indicate that R272 must have differences in other traits that reduce its virulence relative to that of R265. The results shown in Fig.  2 revealed that A/JCr mice were significantly more susceptible to infection with the two C. gattii strains with lower virulence (R272 and WM276) (P Ͻ 0.01) than were C57BL/6 mice. C57BL/6 mice infected with R272 and WM276 reached the endpoint at 47 and 35 days postinfection, respectively. In contrast, A/JCr mice infected with either of these strains reached the endpoint at 29 days postinfection.
Histopathology of C. neoformans and C. gattii infections. To initiate a comparison of the murine response to infection, we first performed a histopathological examination of the lungs of A/JCr mice infected with the C. neoformans strain H99 and the C. gattii strain R265 at 7 days postinfection. Strains H99 and R265 were selected because of their equivalent virulence (Fig.  2B) . Lung sections were stained with H&E to visualize tissue structures and with MM to view the cryptococcal capsule (magenta color) (52) . At 7 days postinfection, the lungs showed signs of differential inflammatory infiltrates for the two fungal strains. Specifically, the bronchovascular infiltrate surrounding small blood vessels and airways in the lungs of H99-infected mice ( Fig. 3C and D) appeared to be densely packed with leukocytes. In contrast, the bronchovascular infiltrate in R265-infected mice (Fig. 3B ) appeared more diffuse. These observations also were confirmed in C57BL/6 mice at 7 days postinfection (see Fig. S2 in the supplemental material). Diminished leukocyte infiltration and the presence of YM1 crystals have been associated with nonprotective Th2 immune responses to cryptococcal infections (2, 38) . However, we did not observe the presence of YM1 crystals in the histopathology of our mice infected with C. gattii. We did note the presence of fungal cells and mucus development in the vicinity of the bronchovascular infiltrates (Fig. 3B to D) . Furthermore, MM staining revealed cryptococci around the bronchiolar and alveolar airspaces with multiplication in the surrounding tissues (Fig. 4A and B) . Interestingly, these cryptococci appeared to vary in size, and the C. neoformans H99 cells appeared to have more cell-associated capsular material (as indicated by MM staining) and significantly larger capsules (diameter, 19.71 Ϯ 0.75 m) (Fig. 4C ) compared to those of the C. gattii R265 cells (diameter, (Fig. 4D) (P Ͻ 0.0001; results are representative of two independent experiments). This significant difference in capsule size similarly was observed in the histology of C57BL/6 mice at 7 days postinfection; specifically, C. neoformans H99 capsule had a diameter of 20.26 Ϯ 0.76 m, whereas that for C. gattii strain R265 was 8.70 Ϯ 0.31 m (P Ͻ 0.0001).
Cytokine profiles during pulmonary infection with C. neoformans and C. gattii. Previous investigators suggested that C. gattii is less able to induce Th1-associated inflammation than C. neoformans, and that this difference contributes to the ability of C. gattii strains to cause disease in immunocompetent people (52) . This idea has not yet been tested with approaches such as determining the cytokine profiles of C. gattii-infected mice or examining the infiltration of immune effector cells into sites of infection. Furthermore, there have not been any immunological studies of the C. gattii isolates from the British Columbia outbreak. As a first step to fill these gaps, we evaluated cytokine profiles in lung homogenates of infected C57BL/6 mice to determine whether the C. gattii isolates induce less protective immunity than C. neoformans strain H99 during infection. We found that there were no significant differences in cytokine expression among mice infected with the different strains at 24 h postinfection (data not shown). At 7 days postinfection, the C. gattii infections induced lower levels of protective cytokines than C. neoformans infection (Fig. 5) . Specifically, mice infected with the C. gattii strains had significantly lower levels of TNF-␣, (Fig. 5A ) (P Ͻ 0.001), monocyte chemoattractant protein 1 (MCP-1) (Fig. 5C ) (P Ͻ 0.001), and IL-6 ( Fig. 5D ) (P Ͻ 0.05) compared to those of mice infected with the C. neoformans strain. The levels of MCP-1 and IL-6 in mice infected with C. gattii isolates were slightly elevated at this time point compared to those of uninfected mice, especially in the case of R265, indicating that there was a response in these mice. In contrast, the levels of TNF-␣ in all of the C. gattiiinfected mice were not significantly different from those in the uninfected mice, and the levels of IFN-␥ (Fig. 5B ) in these mice were below the limit of detection of the assay (2.5 pg/ml). This result suggests the absence of a significant immune response, especially compared to that of C. neoformans-infected mice. Furthermore, these observed differences in the cytokine responses were not due to differences in the pulmonary fungal load, because the CFU were similar in lung tissues from all infected mice (data not shown).
We also detected very low levels of the Th1 cytokine IL-12 ( Fig. 5E ) in infected mice, although the levels were not significantly different from those in the uninfected mice at any of the time points tested. The absence of significantly elevated levels
Virulence of the C. neoformans strain H99 and three strains of C. gattii in two mouse strains. As described in Materials and Methods, mice were infected via intranasal inhalation with 5 ϫ 10 4 fungal cells. Infected animals were observed until 58 and 38 days postinfection in C57BL/6 (A) and A/JCr (B) mice, respectively. The C. neoformans strain H99 and the C. gattii strain R265 were significantly more virulent than the C. gattii strains R272 and WM276 (P Ͻ 0.001) in both animal models. Statistical analysis was performed using the log-rank test to obtain P values (n ϭ 10, except for the WM276 infection of C57BL/6 mice, where n ϭ 9).
VOL. 77, 2009 IMMUNE RESPONSES DURING C. GATTII INFECTION 4287
on August 15, 2017 by guest http://iai.asm.org/ of IL-12 in the C. neoformans strain H99-infected mice suggests that the response in these mice was not due to a Th1-type immune response. After 14 days of infection, the levels of protective cytokines in the C. neoformans-infected mice decreased such that they were no longer significantly different from those in the C. gattii-infected mice, indicating a dampening effect. We did not detect the Th2 cytokine IL-10 in any samples at any of the time points; the lower limit of detection for this cytokine was 17.5 pg/ml under our assay conditions. Overall, our cytokine analysis indicated that immune responses to the specific C. gattii strains tested are consistent with a less protective profile than immune responses to the C. neoformans strain H99. Pulmonary leukocyte infiltration during infection with C. neoformans and C. gattii. Seven days postinfection previously has been shown to coincide with the onset of cell-mediated immunity in the C57BL/6 mouse model of cryptococcosis (51).
Having observed differences in the histopathology and cytokine responses in C. neoformans-and C. gattii-infected mice at this time point, we next examined leukocyte subsets to determine if the lack of protective cytokine responses we observed in C. gattii-infected mice was mirrored in the population of cells in the pulmonary infiltrate. Previous studies have shown that a protective immune response to cryptococcal infection involves increased levels of neutrophils, classically activated macrophages, and lymphocytes in the lungs (12, 24) . Our examination of leukocyte infiltration at 7 days postinfection revealed that total lung leukocyte levels (Fig. 6A) were lower in mice infected with C. gattii than in mice infected with the C. neoformans strain, but this result was not statistically significant. However, we did observe significantly lower levels of neutrophils (Fig. 6B) and DCs (Fig. 6C ) in the lungs of mice infected with the C. gattii strains compared to those of mice infected with the C. neoformans H99 strain. These results are FIG. 3 . H&E staining of pulmonary tissue from infected mice reveals signs of differential inflammation for C. neoformans and C. gattii infections. A/JCr mice were infected with 5 ϫ 10 4 fungal cells, and infected lungs were harvested 7 days postinfection for preparation as described in Materials and Methods. The photomicrographs (H&E; ϫ200 magnification; scale bar is 50 m) present lung sections from uninfected mice (A), mice infected with the C. gattii strain R265 (B), and mice infected with the C. neoformans strain H99 (C and D). Note that at this time point, the bronchovascular infiltrate (brackets) in C. neoformans-infected mice appeared more densely packed with leukocytes than those in the uninfected or the C. gattii-infected mice. The cryptococci are indicated by an asterisk in the vicinity of the bronchovascular infiltrate, and mucus production in the airways is indicated by arrowheads. consistent with our cytokine analysis, indicating that immune responses to the C. gattii strains are of a less protective phenotype than the immune responses to the C. neoformans strain H99 at 7 days postinfection. Interestingly, we did not see a difference in total numbers of macrophages (Fig. 6D) for any of the infected mice or control mice, and it will be useful in future studies to determine whether differences in activation status exist for these cells. Given previous studies of neutrophils (17, 52), we focused on confirming the differential response of this cell type to C. gattii and C. neoformans. Neutrophil infiltration during pulmonary infection. Neutrophils are important mediators of the protective immune response against C. neoformans (18, 35, 46) , and as described above, our flow cytometry analysis revealed differences in neutrophil accumulation for the C. gattii and C. neoformans infections. To investigate this phenomenon in more detail, we measured neutrophil infiltration in the lungs of infected C57BL/6 mice by cytological and enzymatic methods. At the early time point of 24 h postinfection, there were significantly lower numbers of neutrophils in the lungs of all of the C. gattii-infected mice compared to those of the C. neoformans strain H99 infection (P Ͻ 0.001) (Fig. 7A) . Furthermore, the levels of pulmonary neutrophils in mice infected with the C. gattii strains were not significantly different from those in uninfected mice, indicating that these C. gattii strains failed to provoke the migration of neutrophils into the sites of infection.
MPO is preferentially expressed in neutrophils and therefore is a useful indicator for neutrophil granulocyte sequestration (30) . The measurement of MPO activity in the lung tissue at 24 h as well as 7 days postinfection showed that C57BL/6 mice infected with the C. gattii strains had significantly lower levels of pulmonary neutrophils compared to those of the C. neoformans-infected mice (P Ͻ 0.01) (Fig. 7B) . Furthermore, neutrophil levels in the lungs of C. gattii-infected mice were not significantly different from those in uninfected mice at all three time points analyzed. These results therefore confirmed the cytology and flow cytometry analysis. Additionally, C. neoformans-infected mice showed a significant increase in neutrophil activity from 24 h to 7 days postinfection (P Ͻ 0.001); this activity also was significantly greater than that in uninfected mice at 7 days postinfection (P Ͻ 0.001), indicating the continued induction of the neutrophil response. By 14 days postinfection, neutrophil activity levels in C. neoformans-infected mice were slightly reduced compared to those at 7 days postinfection. Furthermore, we observed an increase in neutrophil activity in the C. gattii-infected mice from 24 h postinfection to 7 days postinfection, perhaps indicating some neutrophil infiltration. However, because the activities at 7 days postinfection were not significantly different from those of the uninfected mice, this increase may not be relevant. Overall, our findings demonstrate that there were significantly lower levels of neutrophil activity in mice infected with the C. gattii isolates, thus providing further evidence that these C. gattii infections induce less protective immune responses than infection with the C. neoformans strain H99.
DISCUSSION
Life-threatening disease caused by C. neoformans in people with AIDS occurs at a global rate of ϳ1 million cases per year (39) understand how this species causes disease in immunocompetent people. This is the first study to examine the immune responses elicited by C. gattii strains from the outbreak, and we found that they induced a less protective inflammatory response in C57BL/6 mice than a strain of C. neoformans. Specifically, the C. gattii strains appeared to avoid triggering protective inflammation by inhibiting or failing to provoke the migration of neutrophils to sites of infection. Furthermore, the strains also failed to elicit the production of protective cytokines such as TNF-␣, which did accumulate in C. neoformansinfected lung tissue. We focused our analysis primarily on neutrophils, because the migration of these cells into lung tissue is important in the early protection of mice against progressive cryptococcosis (24) . Furthermore, previous studies showed that C. gattii strains can inhibit neutrophil migration in vitro (17, 52) . These previous studies suggested that C. gattii infections are not cleared by immunocompetent hosts because they do not induce protective inflammation during infection and, as a result, are not able to elicit adaptive Th1-type immune responses, whereas C. neoformans infections are. Our results provide experimental support for this conclusion, because we showed by histopathology, leukocyte enumeration, cell sorting, and a neutrophil activity assay that C. gattii strains inhibited or failed to provoke neutrophil migration in vivo. Specifically, neutrophil levels in the lungs of mice infected with the C. gattii strains were not significantly different from those of uninfected mice at 24 h as well as 7 and 14 days postinfection. It is likely that the lack of pulmonary neutrophil infiltration during the initial immune response contributed to the lack of protective inflammation observed in the C. gattii-infected mice. The inhibition of early neutrophil migration into infected lung tissues may delay the production of TNF-␣, IFN-␥, and important chemokines, thus preventing the induction of an effective cellular immune response for the clearance of the pathogen (42). Our observations support this idea. Specifically, concurrently with the low levels of pulmonary neutrophil migration in these mice, we observed a minor increase in the levels of MCP-1 and IL-6 in the lungs of these C. gattii-infected mice at 7 days postinfection, a time that coincides with the onset of cell-mediated immunity in this mouse model (51) . However, this immune response was quite weak, as demonstrated by the absence of IFN-␥ and by the similarities between C. gattii-infected mice and uninfected mice in the levels of pulmonary TNF-␣ and DCs. Additionally, the histopathology of A/JCr and C57BL/6 mice infected with the C. gattii strain R265 showed a bronchovascular infiltrate that was diffuse compared to that in the C. neoformans-infected mice, further indicating weak inflammation at 7 days. Similar observations have been made by other groups in the analysis of mice producing ineffective immune responses during cryptococcosis (12, 38) . Overall, it appears that the lack of early neutrophil infiltration into the lungs of C. gattii-infected mice failed to trigger an effective inflammatory response, including the absence of a clear Th1-type immune profile. We therefore also considered the possibility that C. gattii infection skews the immune response toward a Th2 profile. However, we did not detect the Th2 cytokine IL-10 in the mice at any of the time points tested, and we did not observe (2, 11, 13) , in the histopathology of R265-infected mice at 7 days postinfection. In contrast to our observations for C. gattii-infected mice, we found that C. neoformans strain H99 induced a strong inflammatory immune response that potentially contributes to protection. Specifically, in the C. neoformans-infected mice, we observed a significant influx of neutrophils early during the immune response, with a subsequent increase in the production of the protective cytokines TNF-␣ and IFN-␥ and chemokines, as well as an increase in pulmonary neutrophils and DCs at 7 days postinfection. Furthermore, at this time point, histopathology staining revealed a dense bronchovascular infiltrate in A/JCr and C57BL/6 mice infected with the C. neoformans strain, which is indicative of protective inflammation (38) . Although our analysis was limited to a single strain of C. neoformans, the results are consistent with previous studies that showed that H99 and other strains of C. neoformans elicit protective inflammatory immune responses in mice and other animal models (12, 38, 40, 51) . However, in contrast to previous studies involving C. neoformans infection, we did not observe significant increases in the hallmark Th1 cytokine IL-12. The lack of IL-12 induction, together with the presence of pulmonary neutrophils and IL-6, suggests that an inflammatory Th17-type immune response was induced in the C. neoformans-infected mice. Other researchers have proposed an association between Th17-type responses and protection against cryptococcosis (37) , and it will be interesting to determine in future studies if this is indeed the case.
We note that our observations are different from those of another study, which found that even though a C. gattii strain was able to inhibit neutrophil migration in vitro, neutrophil infiltration into the lungs of infected rats was similar in C. neoformans and C. gattii infections (52) . It is possible that differences in the animal models, the fungal strains, and the methods account for the disparate results (44) . Differences in mouse and rat models have been demonstrated, especially with regard to neutrophil infiltration during lung injury (4). Furthermore, rats and mice differ widely in their susceptibility to cryptococcal infection and have been shown to have differential immune responses (22, 41) . Additionally, the specific methods to enumerate neutrophils in the lungs also might contribute to differences in the observed levels of infiltration.
Differences in capsule polysaccharide may contribute to the influence of C. gattii and C. neoformans strains on neutrophil infiltration and the cytokine response. Although differences in capsule size were not seen in vitro, the MM staining of capsular polysaccharide revealed more cell-associated capsular material present in tissues from C. neoformans-infected mice than in those of C. gattii-infected mice. Interestingly, others have described titan or giant cells in infections with the H99 strain of C. neoformans (K. Nielsen, personal communication). Encapsulated strains of C. neoformans can promote the secretion of protective cytokines from human neutrophils, and the magnitude of this response is dependent on capsule size (40). Thus, it is possible that the larger capsule/cell size observed in C. neoformans-infected mice at 7 days induce higher levels of protective cytokine secretion from neutrophils. Conversely, the lack of protective inflammation in C. gattii-infected mice may be due to a smaller capsule size in vivo. The capsule also may play an important role in interfering with neutrophil migration because, for example, 6-O-acetyl groups on the major component of the capsule, glucuronoxylmannan (GXM), are responsible for the inhibition of neutrophil migration in vitro (18, 20) . Furthermore, free GXM has been shown to promote L-selectin shedding from neutrophils, and this may interfere with migration (17) .
We also observed differences in the virulence of C. neoformans and C. gattii strains in the C57BL/6 and A/JCr mouse models of cryptococcosis. Specifically, the C. neoformans strain H99 and the C. gattii strain R265 were similar in virulence, and both were significantly more virulent than the C. gattii strains R272 and WM276. Interestingly, the A/JCr mice did not show a significant difference in susceptibility to the more virulent H99 and R265 strains, but they appeared to be significantly more susceptible to R272 and WM276 than were C57BL/6 mice. The host genetic background plays an important role in determining susceptibility to Cryptococcus infection (24, 53), FIG. 7 . Pulmonary neutrophil infiltration in C. neoformans-or C. gattii-infected mice. (A) As described in Materials and Methods, lung leukocytes were isolated by the enzymatic digestion of tissue from mice at 24 h postinfection and cytospun onto glass slides for staining. Neutrophils were counted by microscopy, and frequencies are expressed as percentages of the total leukocytes present in the sample. The data are representative of two separate experiments. ** , P Ͻ 0.001 for statistical comparisons to results for mice infected with C. neoformans strain H99. (B) MPO activity also was employed as a measure of neutrophil infiltration. Lungs were excised from mice at 24 h, 7 days, and 14 days postinfection, snap-frozen with liquid nitrogen, and measured for MPO activity as described in Materials and Methods. The asterisk (P Ͻ 0.01) represents statistical comparisons to results for mice infected with C. neoformans strain H99 at the respective time points. The double asterisk (P Ͻ 0.001) represents the statistical comparison of results for mice infected with C. neoformans H99 at 7 days postinfection to those of mice infected with H99 at 24 h postinfection and to those of uninfected mice at 7 days postinfection. The data are representative of three separate experiments. Results are expressed as the means Ϯ SEM (n ϭ 5 mice/group for A and n ϭ 3 mice/group for B).
and A/JCr mice may differ from C57BL/6 mice in one or more properties that cause increased susceptibility to R272 and WM276. For example, A/JCr mice are deficient in the complement component C5. It is interesting that these C. gattii isolates show different degrees of virulence in vivo, indicating that their ability to avoid protective inflammation is not the only factor involved in their pathogenicity.
Our findings differ slightly from those of a previous study that found that the C. gattii strain R265 was significantly more virulent than the C. neoformans strain H99 (19) . The difference may be due to the use of different isolates of the strains or variation in the ages of mice. Our studies employed C57BL/6 and A/JCr mice at 12 to 14 weeks old, whereas the earlier study used A/JCr mice of an unspecified age (19) . Several studies have shown that the outcome of cryptococcal infection varies greatly with respect to the age, strain, and source of mice, and this may explain differences in virulence assays in different laboratories (6, 12, 24, 53) .
Although we observed differences in the virulence of strains R265 and R272 in the murine model, it is important to point out that both of these isolates caused clinically relevant disease in patients from British Columbia. The differences in virulence are interesting, given that these strains did not display any major differences in virulence factor production and provoked a similar immune response. It is likely that additional virulence factors remain to be discovered, and it is clear that genetic differences in even a single gene can influence disease progression. In fact, comparative genome hybridization studies revealed that there are several regions of difference (e.g., deletions in R272) between the R265 and R272 genomes (J. Kronstad, unpublished data). The further examination of these and other variable regions may help to explain differences in virulence for the C. gattii isolates.
The differences that we observed in the neutrophil and cytokine responses to C. neoformans and C. gattii may help us understand how C. gattii isolates are able to cause disease in immunocompetent people. It is possible that C. gattii induces less protective inflammation in humans, as we have shown in mice, and this may contribute to persistence. A recently published case study suggests that our observations in mice are relevant for human cases of cryptococcosis. Specifically, a human immunodeficiency virus (HIV)-seronegative patient with C. gattii meningitis had reduced levels of the cytokines TNF-␣, IFN-␥, and IL-6, which are associated with protective immune responses, compared to those of patients with HIV-related C. neoformans infections (7) . Although this is only a single case, the observations suggest that the patient had a maladapted immune response to C. gattii. Of course, the situation may not be as simple as differences in the immune response, because C. neoformans and C. gattii have other phenotypic differences (e.g., metabolic capabilities). Taken together, our results provide important new insights into cryptococcal virulence and help focus attention on the identification of species-specific attributes that may influence leukocyte recruitment and the induction of a protective cytokine response. This information may be useful in understanding and mitigating the outbreak of C. gattii-mediated cryptococcosis in British Columbia.
